Abstract-With increased penetration of distributed energy resources and electric vehicles (EVs), different EV integration strategies can be used for mitigating various adverse effects, and supporting the grid. However, the research regarding EV smart charging has mostly remained on simulations, whereas the experimental validation has rarely been touched upon. This paper focuses mainly on evaluating the technical feasibility of a series-produced EV to provide flexibility in real distribution grids. The implemented controller uses contemporary and widely supported standards for limiting the EV charging rate, which essentially means that it is applicable to any EV complying with IEC 61851 and SAE J1772 standards. The field test validation is conducted in a real Danish distribution grid with a Nissan Leaf providing three ancillary services through unidirectional ac charging, namely, congestion management, local voltage support, and primary frequency regulation. Several performance parameters, such as EV response time and accuracy, are assessed and benchmarked with current requirements. Ultimately, this paper aims to strengthen the applied research within the EV integration domain through validating smart grid concepts on original standard-compliant equipment.
I. INTRODUCTION
F UNDAMENTAL changes occurring in the electric power system promoted by the global sustainability efforts have started to reshape the grid operation. With increased penetration of distributed energy resources, such as photovoltaic (PV) installations and various electric vehicles (EVs) [1] , [2] , there is an increased need for control strategies which would allow them to provide flexibility services. EVs seem to be one of the eminent resources for providing various services due to their defining properties: 1) they are a large load compared with other residential loads; 2) they have quickresponse with potential bidirectional power flow capabilities; The authors are with the Centre for Electric Power and Energy, Department of Electrical Engineering, Technical University of Denmark, 4000 Roskilde, Denmark (e-mail: kknez@elektro.dtu.dk; smar@elektro.dtu.dk; pba@elektro.dtu.dk; antozec@elektro.dtu.dk; matm@elektro.dtu.dk).
Digital Object Identifier 10.1109/TTE.2016.2616864 and 3) they are available most of the time with high degree of flexibility [3] , [4] . Significant amount of research has been done to address the arising EV challenges as well as to capture their benefits [5] , [6] . Overall, the literature pointed out that EVs can have high potential in providing regulation services to the transmission system operator (TSO), especially primary frequency regulation, due to their rapid response. Reference [7] concluded that EV participation in regulation markets offers a substantial earning potential to the EV owners, whereas [8] - [10] showed that EVs with different droop controls can be effective in primary frequency control, likewise in larger systems and isolated microgrids. On the other hand, considering that residential EV charging highly impacts the local grid, different strategies are proposed for EVs providing flexibility to the distribution system operator (DSO), namely, congestion management and voltage regulation [11] , [12] . It is shown across a variety of studies that centralized EV control reduces losses, improves voltage stability, and performs peak shaving or congestion control [13] - [15] . On the other hand, decentralized control based only on local measurements provides similar results [16] . In addition, more and more countries, among which Germany and Italy, request small inverter-interfaced PVs to provide reactive power. Similarly, since EVs are also inverter-based, their electronic equipment could potentially enable reactive power exchange with the grid without affecting the active power flow, provided that the inverter is properly sized [17] , [18] .
Even though the identified literature analyzed different EV control strategies, it mostly remained on simulations, whereas the experimental validation is rarely touched upon. Reference [19] tested the developed smart charging algorithm on a commercial EV, but focused only on minimizing the charging cost, not on providing any ancillary services. In general, when dealing with ancillary services, the literature assumes an ideal EV response to the control signal, and omits response latencies and inaccuracies which may greatly impact the results. The importance of hardware-in-the-loop for evaluating the ancillary service provision of inverter-interfaced Distributed Energy Resource is discussed in [20] . The works described in [21] experimentally tested the proposed frequency control, but the EV was represented by a custom-made set of Li-ion batteries whose behavior differs from commercial EVs. On the other hand, [22] uses series-produced EVs for experimental validation, but only for frequency control, and in laboratory environment. Thus, an extensive experimental activity is required to prove the feasibility of different EV controls with contemporary technology and series-produced cars outside the laboratory environment.
The main contributions of this paper can be summarized as follows.
1) Validating the developed EV smart charging controller for providing multiple ancillary services, i.e., congestion management, local voltage support, and frequencycontrolled normal (FCN) operation reserve (primary frequency regulation). 2) Assessing the technical feasibility of such a controller with currently available technology and series-produced vehicle. Implemented controller uses contemporary standards for limiting the EV charging rate, which essentially means that it can be used with all EVs compliant with IEC 61851 [23] and SAE J1772 [24] amounting to 7563 only in Denmark at the end of 2015 [25] . Assuming 50% service participation rate with ±5 A flexibility per vehicle, this results in approximately ±4 MW of available system flexibility. 3) Conducting a field validation in a real distribution grid with no controllability over other residential units, and limited amount of measurement equipment. 4) Investigating issues which may arise when dealing with the practical implementation of EVs providing ancillary services, i.e., several performance parameters such as vehicle responsiveness and accuracy to compare the fulfillment with the existing requirements. This paper is structured as follows. Section I presented the contemporary standards and literature survey regarding the tested services. Further on, Section II presents the implemented control strategy. The description of the experimental field setup, the performed test activities, and the parameters for result evaluation are given in Section III. Finally, the results are presented and discussed in Section IV followed by the conclusions in Section V.
II. EV SMART CHARGING CONTROLLER

A. Control Logic for Various Ancillary Services
To validate the technical feasibility of contemporary EVs providing various ancillary services, a universal smart charging controller was developed, which is applicable to any EV compliant with IEC 61851 and SAE J1772. This controller can be used for performing centralized EV control, such as congestion management and primary frequency control, or as an autonomous controller implemented directly in the EV supply equipment (EVSE) for local voltage regulation.
The control logic itself is based on droop control whose characteristics have been inspired by the corresponding service requirements, and the current EV capabilities. The droop control is a well-established control scheme commonly used in the power system domain due to its simplicity, which makes it a viable solution for EV flexibility provision. As shown in [9] , [10] , [26] , and [27] , EVs equipped with a droop control can provide primary frequency regulation, and maintain the system frequency, both in the case of centralized and decentralized strategies likewise in an islanded mode or when grid connected. Moreover, it has been shown that droop control can be efficiently applied to EVs providing voltage regulation and congestion management [16] , [28] , [29] in order to support the local distribution grid. When utilizing decentralized droop control for local support, the control performance is guaranteed as long as the physical properties of the system do not change which is usually the case with radial distribution grids.
In the developed controller, one can easily switch between the services by choosing the measurement to which the EV is responding, and changing the droop characteristics as desired. As shown in Fig. 1 , the specified input parameters construct the ideal, and the effective EV droop characteristics which is dependent on the current EV capabilities. The necessary input parameters are: 1) the type of service which defines the droop characteristic sign (sign(k)) and the input measurement (MV-LV transformer loading I meas , local phase-to-neutral voltage U meas , or system frequency f meas ); 2) the minimum (I E V min ) and the maximum EV charging current (I E V max ); and 3) the minimum (thr eshold min ) and the maximum threshold (thr eshold max ) for the chosen service.
First of all, according to contemporary standards [23] , [24] , all EVs must be able to limit their charging rate between the minimum charging current of 6 A and the maximum one, which is the EVSE rated current. These values are the ones used in the controller if not specified otherwise. The same standards also require that the charging rate is limited in discrete 1 A steps, whereas the response to intermediate currents is not guaranteed. Hence, the effective EV droop characteristic cannot be linear like the ideal theoretical one due to the described practical limitations. The defined minimum (I EVmin ) and the maximum EV charging currents (I EVmax ) specify the band within which the EV charging rate I EVlimit can be controlled for all services as follows:
(1)
For a typical 16-A single-phase EVSE, 11 current steps are available in total (i.e., 6, 7, . . ., 16 A). In case, the grid components are not sized for the maximum charging rate, e.g., if residential fuses are 13 A, the maximum rate can be limited within the controller. Naturally, this results in a lower EV current span available for flexibility provision. Moreover, in case, an aggregator would like to realize an ideal linear behavior for a specific service, it would be necessary to have a sufficient amount of EVs, so that, once aggregated, they show an equivalent linear response. Nevertheless, the number of current steps does not influence the EV performance evaluation in terms of response time and accuracy. Second, depending on the specified service, the controller responds to the different measurement data as explained in II-B. Regardless of the chosen service, the range threshold min − threshold max , within which the EV provides flexibility, has to be defined. This range is either the transformer loading, the voltage, or the frequency range. The set thresholds are arbitrarily chosen, and can be either constant or varying depending on the time of the day and the specific grid circumstances. It is up to the system operator to determine the most suitable thresholds depending on the distribution grid characteristics. Since the thresholds are defined within the control logic, they can also be dynamically changed if an adaptive droop characteristic is required, or if the droop characteristic is to be periodically updated to include the EV state of charge (SoC) target. The process of threshold choice can be automatized with estimation techniques, but designing an adaptive control logic was not the main focus point of this paper, so the thresholds are set to fixed values. Similarly as derived in [28] , here the EV charging rate is a linear characteristic of the input measurement data, and can generally be calculated as the multiplication between the droop gain, and the difference between the measured and the nominal value (i.e., current, voltage, or frequency). Hence, once the thresholds are defined, the droop slope k is calculated as follows:
One should note that the droop characteristic will be positive in the case of voltage and frequency regulation, i.e., the EV charging rate linearly increases if the voltage or the frequency increases, whereas it is the opposite for congestion management where the EV charging rate linearly decreases if the transformer current increases. Therefore, the EV charging current limit I calc is calculated according to equation (3) for voltage regulation, equation (4) for frequency control, and equation (5) for the congestion management. Since the set EV charging limit must be an integer value due to the practical limitations set by the standards, the calculated current is rounded up
Then, the EV charging limit I EVlimit is set as
The specific input parameters chosen for the experimental validation will be explained in Section III.
The droop control logic is chosen due to its simplicity which makes it cheap and applicable on wide range of computing devices. However, the developed controller can be extended for other control strategies as well, e.g., multiagent systems [30] , [31] , where the EV charging limit is calculated based on different input signals such as the market price, as well as for a more complex droop control strategies which include the user preferences [32] . Naturally, for a more complex control logic, the overall performance could decrease due to a longer computational time. Experimental investigation of such strategies has been left for future work.
B. Communication Architecture
The communication architecture for the implemented smart charging controller is shown in Fig. 2 .
Depending on the chosen service, an input for the control logic comes from a different measurement device. The smart grid unit (SGU) installed at the transformer substation sends the single-phase current measurements I meas via the Internet, similar to the DEIF MTR-3 device which measures the system frequency f meas . These devices could be replaced with any measurement device capable of sending the data via the Internet. On the other hand, the local phase-to-neutral voltage measurement U meas comes from the DEIF MIC-2 device installed in the EVSE, which is connected to the control logic by Ethernet using the MODBUS protocol. The actual measurements are polled using the corresponding data poller subroutines within the controller. The control logic actuates the EV charging power by setting the appropriate current limit in the EVSE controller located within the EVSE, whereas the EV itself is connected to the EVSE using the IEC 61851 standard. According to this standard, the EV listens to the EVSE communication line (called the Control Pilot line), in the form of a pulsewidth modulation (PWM) signal whose duty cycle indicates the maximum EV charging limit.
The described architecture can easily be extended to more EVs, both for centralized and decentralized algorithms. In case of a centralized strategy, the control logic would just be connected to several others EVSEs, which would allow the control of large EV amounts. On the other hand, the shown architecture would be implemented within each individual EVSE in the case of decentralized control, or in systems based on autonomous agents. Since the developed controller is based only on contemporary standards and equipment, it can easily be integrated in the current power system under the smart grid concept.
III. EXPERIMENTAL FIELD TEST
The field test was conducted in a 400 V distribution feeder located in the suburban area of southern Zealand, Denmark, whose topology is shown in Fig. 3 . This feeder is radially run and connected to the MV network through a typical 400-kVA transformer. It consists of 43 residential houses with a three-phase grid connection, and a common neutral conductor grounded at the transformer substation. There are three additional feeders under the same transformer station with approximately the same number of houses per feeder. For the conducted field trials, the EV was connected to a standard Schuko plug in a residential house located toward the end of the feeder at phase c of node 612. As shown in Fig. 3 , the field test setup consists of the following components:
1) series-produced EV (Nissan Leaf) with 24-kWh Li-Ion battery and single-phase 16 A (230 V) connection; 2) EVSE with PhoenixContact controller for limiting the EV charging current; 3) ThiiM SGU for transformer current measurements (located at the transformer substation) with 0.1-A accuracy and 30-s sampling rate; 4) DEIF MIC-2 for local phase-to-neutral voltage measurements and EV current measurement with 0.5% accuracy and 1-s sampling rate; 5) DEIF MTR-3 for frequency measurements (located at Risø¸Campus, Technical University of Denmark) with 10-MHz accuracy and 1-s sampling rate; 6) notebook with Internet connection for receiving the measurements and running the control logic. Moreover, one should note that none of the other residential loads were controlled, so the consumption variability comes solely from the users themselves.
The three used droop characteristics are shown in Fig. 4 , respectively, for congestion management, voltage regulation, and FCN operation reserve. Since the field experiment was conducted in a real residential house whose fuses are not sized for such a heavy load, the maximum EV charging rate was set to 12 A, which resulted in seven possible charging current for all services, seen as six steps in Fig. 4 . The thresholds for each service have been chosen as follows: 1) I min = 90 A and I max = 120 A for congestion management; 2) U min = 0.96 U n and U max = 0.98 U n for voltage support; and 3) f min = 49.9 Hz and f max = 50.1 Hz for FCN operation reserve.
A. Evaluation Criteria
The conducted test scenarios, whose results are reported in following Section IV, are, respectively: 1) congestion management; 2) local phase-to-neutral voltage support; and 3) FCN reserve in the Nordic synchronous area. Several trials have been conducted for each test scenario, but only selected ones will be reported in detail in Section IV. Regarding the result evaluation for congestion management and voltage support, there are no defined requirements for measurement equipment or response times as such services still do not exist in practice. However, one can assume that if the EV satisfies frequency control requirements, it would also satisfy the future ones for DSO services, as the overloading and voltage issues are of much slower nature. FCN requirements only define that all reserve must be supplied within 150 s, so for what concerns this paper, the EV response time is benchmarked to frequencycontrolled disturbance reserve, where 50% of the response must be provided within 5 s and the remaining 50% within additional 25 s [33] . The EV performance for each conducted trial is evaluated by assessing several distinctive parameters: 1) time difference between the input measurement signal and the set EV current charging limit which will be referred to as control delay; 2) time difference between the set EV charging limit and the measured EV current which will be referred to as EV response time; 3) time difference between the input measurement signal and the measured EV current which will be referred to as overall delay; 4) magnitude difference between the set EV charging limit and the measured EV current which will be referred to as EV accuracy. The evaluated control delay includes the EV charging limit computation time, the communication delay between the control logic and the EVSE controller as well as the time needed for the EVSE controller to change the PWM signal, including the respective measurement delays. The aim is to assess the controller's overall responsiveness and accuracy compared with the ideal droop controllers commonly used in the simulation studies, i.e., the one where the EV responds with no accuracy error and with a negligible response time.
IV. RESULTS
A. Congestion Management
The first tested ancillary service is congestion management where the EV is responding to the total feeder current measurement of its respective phase. Fig. 5 shows the measured input, and outputs for one conducted 30-min trial.
First of all, Fig. 5(a) shows the total feeder current measurement where two current dips are obvious. These dips correspond to faulty measurements, or more precisely skipped measurement samples which are not the unusual occurrences for measurement units. Since the used measurement device has a 30-s sampling rate, skipped samples result in zero value for half a minute. Second, Fig. 5(b) shows how the EV has the inverse proportional behavior from the input measurement signal. More precisely, when the feeder current is close to the upper threshold, the EV charges at lower rates, and vice versa. For the skipped measurements, the controller will assume that the EV can be charged at maximum rate which may not correspond to reality. However, for validating purposes of this paper, the faulty measurements were not seen as an issue, so the resilience to them has not been investigated in detail. A reasonable solution for overcoming these issues could be remaining the previous EV charging limit, which has been left for future work. Finally, it is clear how the measured EV current is not identical to the set charging limit. The shapes of the two curves coincide almost completely, but there is a consistent offset in their magnitudes. Hence, one can expect that control delay and EV response time are within a few seconds, whereas the EV accuracy is not close to the ideal one. The specific values for these parameters are reported in Section IV-D.
Furthermore, in the case of a large EV number, the validated controller can be scaled up and utilized by an aggregator for centralized control. In that case, the whole control logic would be implemented on the aggregator's side, whereas each EVSE would just receive the charging limit as a reference.
B. Local Voltage Support
The second tested ancillary service is providing local voltage support, and partially mitigating the EV self-induced low voltages. Contrary to the congestion management trial, the EV here responds proportionally to the voltage of the phase where it is connected to. In fact, as shown in Fig. 6 , the EV charging rate is lower if the measured voltage is low in order not to additionally burden the grid.
Since the validation was conducted on a cold winter day, the residential consumption was relatively high due to heating purposes, resulting in overall low voltages. The measured voltage does not cross the set thresholds, so the EV does not charge at its maximum or minimum rate. Still, since the voltage is not constant, the EV charge is modulated according to the specified droop characteristic. One should note how the chosen droop characteristic is quite steep, and the whole EV flexibility range is utilized within 0.02 U n in order to stress the EV by changing the charging limit more often. As the voltage measurements are sampled every second, small voltage deviations result in fast set point changes which can be observed as spikes in Fig. 6 , both in the set charging limit, as well as in the measured EV current. Nevertheless, the two curves almost perfectly coincide, and the EV response is not jeopardized by fast changes in the charging limit signal. The accuracy remains similar as in the congestion management trial, which will be discussed later on.
In the case of large local EV penetrations, this controller can be used for autonomous voltage support by implementing it within the EVSE, which is already equipped with voltage measurements, and thus reducing ICT costs needed for centralized strategies. For such autonomous control, the service provision can easily be scaled up to larger EV numbers, but once chosen voltage limits could not be remotely changed unless additional communication is implemented. However, specific EVSEs could be given different voltage thresholds by the DSO depending on their connection points, or otherwise, the voltage thresholds could be set to ±10% U n according to EN50160 requirements [34] .
C. Frequency-Controlled Normal Operation Reserve
The third and final tested ancillary service is providing FCN reserve, whose results are given in Fig. 7 . Since the frequency is constantly below 50 Hz in the observed period, the EV is not modulating the charging rate very often. However, the EV behavior, both in terms of response time and accuracy, is similar to the one observed in the previous trials.
Utilizing decentralized droop controls for providing FCN reserve is a common practice today for large power plants which are equipped with fine frequency meters. Yet, it is highly unlikely to expect the same strategy to be used for EVs, since it would imply that each EVSE is equipped with costly high precision frequency measurement device approved by the TSO. Therefore, centralized control concept has been tested in this paper, where the frequency measurement is routed via the Internet from a device located 40 km away at the Technical University of Denmark. Then, only the calculated EV charging limit is sent to the EVSE. However, the tested controller can be utilized for both centralized and decentralized frequency control strategy, since it can be modified to receive local measurements if available, similar to the voltage support trial. Fig. 8 shows the relationships between the measured feeder and the measured EV current for one congestion management trial and several overall delays, with the applied droop characteristic highlighted in red. It is clear that the points are more scattered in the case of 1-s and 3-s delay, while they are closer to the applied characteristic in case of 2-s delay. In addition, there is a clear "undershoot" phenomenon in the EV response, as already mentioned in Section IV.
D. Result Overview and Further Discussion
As a measure of the linear dependence degree between two variables, Pearson product-moment (PPM) correlation coefficient is used. This factor ranges between −1 and +1 inclusive, where +1 is the perfect positive correlation (increase in the first variable means increase in the second, and vice versa), and −1 is the perfect negative correlation (increase in the first variable means decrease in the second, and vice versa). Detailed PPM correlation coefficients for all tested ancillary services are reported in Table I as follows: 1) correlation between the respective input measurement signal, and the EV charging limit set by the controller, used for evaluating the average control delay; 2) correlation between the EV charging limit set by the controller, and the measured EV current, used for evaluating the average EV response time; 3) correlation between the respective input measurement signal, and the measured EV current, used for evaluating the average overall delay. All correlations coefficients are obtained for the data sets excluding the skipped measurement samples.
Several conclusions can be derived from Table I . First of all, the correlation between the input measurement signal {I, U, f } meas and the set EV charging limit I EVlimit is the highest for 1-s delay in all conducted trials, leading to the conclusion that the average control delay is 1 s. Moreover, even though the highest correlation between the set EV charging limit I EVlimit and the measured EV current I EV is for 1-s delay in almost all of the trials, it is also comparable Fig. 8 . Relationship between the measured feeder current and the measured EV response current for congestion management field test in the case of (a) 1-s overall delay, (b) 2-s overall delay, and (c) 3-s overall delay. In the voltage and frequency trials, where the input signal is sampled every second, the correlation is clearly the highest for 1-s delay. Therefore, it can be deducted that the average EV response time is 1 s. Finally, the correlation between the input measurement signal {I, U, f } meas and the measured EV response current I EV , which includes all communication and measurement delays, is the highest for 2-s delay, but also comparable for 3-s delay. Since time is the most critical aspect when providing frequency control, the correlation for different overall delays is shown in Fig. 9 for the FCN reserve trial. It is clear there is no correlation for long time delays, and that the EV response is much faster than the requested 25 s. Moreover, by analyzing the obtained data, it has been observed that the maximum occurring overall delay equals to 4 s, including all Internet communication and measurement delays, which would categorize EVs as a fast reserve. Unless EVs provide a very fast reserve such as the inertial response, there is currently no need for additional requirements to improve the EV response time.
On the contrary, the issue which may occur is not the EV response time, but its accuracy. As aforementioned, the tested EV has far beyond an ideal response, since an "undershooting" phenomenon occurs. The average difference between the set charging limit I EVlimit and the measured current I EV is given Fig. 9 . PPM correlation between the input frequency measurement, and the measured EV current for different overall delays. Table II . Interestingly, the higher the set charging limit is, the more does the EV "undershoot", leading up to over 1 A difference for the 12 A charging limit. There could be several reasons to explain this phenomenon. First of all, contemporary standards define that EVs must be able to respond to the charging limit, and guarantee that the EV is charging below it. However, one must emphasize that they do not define what is the acceptable deviation from the set limit, so EVs are not manufactured to respond as close as possible to it. Second, the EV battery management system is highly dependent on many factors, and we believe that one of the factors is the outside temperature. In fact, in occasion of the previous experiments in laboratory environment [22] , the "undershooting" phenomenon was lower than for the conducted field test performed on a winter day with temperatures below 0°C. Third, the battery management system may also be influenced by the battery SoC and previous driving behavior. Unfortunately, these hypotheses cannot be thoroughly investigated as the information from the battery management system itself is not broadly available.
As a final remark, modulating the EV active power influences the SoC and consequently user comfort, and in the worst case, the EV would constantly charge at the minimum 6 A. According to [35] , the average EV plug-in time is 13 h, whereas the initial SoC equals to around 50%. Assuming the battery size of 24 kWh, the EV charging time would increase from around 3.5 h at a 16 A charging rate to around 8.5 h at a 6 A rate, which is still well below the average plug-in time of 13 h. However, due to many uncertainties, we are aware that EV owners may not allow active power modulation due to fear of not having the EV available for transportation purposes. In that case, the same principle could be used for modulating the EV reactive power which does not influence the SoC. However, current EVs are not equipped with reactive power control, so future work includes applying this controller for modulating the power factor when EVs will be capable of it.
V. CONCLUSION
This paper focused on validating the technical feasibility of a series-produced EV to provide flexibility in real distribution grids. It presents a droop controller which uses contemporary standards and can be used with all series-produced EVs complying with international standards IEC 61851 and SAE J1772. The conducted field validation tested three ancillary services: congestion management, local voltage support, and FCN operating reserve. Overall, the field validation proved that providing ancillary services by EVs is technically feasible already today with the existing commercial EVs without any vehicleto-grid capability, and with a very fast response time. The overall delay, including all communication and measurement delays, was 2-3 s in average, and never exceeded 4 s. However, an "undershooting" phenomenon in current magnitude was noticed when limiting the EV charging rate which may arise as a greater problem than the response time. This difference varied depending on the set charging limit, but can amount to more than 1 A.
There is much room for improvement in EV integration, and we have identified several points. First of all, the EV charging systems should not be designed only to guarantee the charging current below a certain limit, but also to be as close as possible to the preferred limit. Considering the available 1 A granularity, an "undershooting" of 1 A can be considered unacceptable as it corresponds to a lower charging set point. Second, the overall delay is currently more than enough for the distribution grid services, but it could be additionally shortened by optimizing control, communication, and EV charging system. This could be of particular value for several services, such as frequency control or provision of virtual inertia. Finally, the granularity of 1 A may not be good enough for using EVs for smart grid purposes, since 1 A amounts to 10% of EV's available flexibility. Considering that EVs are high loads and have a significant grid impact, lower granularity would provide a higher flexibility degree with potentially less influence on the EV owners. More precisely, it would allow EVs to charge at an intermediate rate low enough to mitigate the grid adverse effects, but as high as possible to charge the vehicle faster.
Since EVs could be a valuable asset for all power system entities, we believe that additional standards are needed to address the identified issues, and oblige the EV manufactures to optimize their systems. Future work includes the extension of the field testing to several vehicles to assess the coordination issues, as well as extending the controller logic to more advanced distributed approaches.
